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@ An enzyme electrode. 

© An improved enzyme electrode comprising an 
enzyme and a coenzyme immobilized in at least one 
layer is provided. This electrode lias an outer mem- 
brane preventing the coenzyme from dissipation and 
so sensitivity and durability can be improved, (n the 
inner membrane containing the enzyme and the 



coenzyme, a mediator of electron transfer may be 
added, or the enzyme and the coenzyme may be 
separated in two layers, respectively, for further im- 
provement 
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AN ENZYME ELECTRODE 



BACKGROUND OF THE INVENTION 



Reid of the invention 



The present invention relates to an enzyme 
electrode and more particularly an enzyme elec- 
trode containing an enzyme and a coenzyme as 
immobilized. 



Description of the prior art 

In order to determine concentration of a sub- 
stance in a solution, it has been proposed to use 
an enzyme electrode comprising an enzyme, which 
is specifically reactive with the substance, that is, a 
substrate of the enzyme, and is immobilized on the 
surface of the electrode. According to its principle, 
the electrode is immersed in the solution to gen- 
erate an enzyme reaction on the electrode surface 
and the amount of the reaction product is elec- 
trochemically detected, thereby to determine the 
concentration of the substance in the solution. Up 
to the present, enzyme electrodes using oxidation 
enzymes such as glucose oxidase have been pro- 
posed and produced. 

On the other hand, some of oxidoreductases 
require existence of coenzymes. For example, de- 
hydrogenases such as alcohol dehydrogenase and 
lactate dehydrogenase, which are industrially very 
useful, require existence of nicotinamide adenine 
di nucleotide (NAD) as a coenzyme. When these 
enzymes are applied to an enzyme electrode, it is 
necessary to detect a coenzyme derivative pro- 
duced by the enzyme reaction, for example, re- 
duced type NAD (NADH) in the case of the alcohol 
dehydrogenase,, by the electrode to determine the 
amount of the substrate. 

Heretofore, in most of such enzyme electrodes, 
only enzymes have been immobilized on the elec- 
trodes, and the coenzymes have been supplied 
from the solution without immobilization. For exam- 
ple. "Analytica Chimica Acta", 214 (1988), pp 161- 
1 72, discloses a report on an ethanol measurement 
system by a flow injection analysis method by 
means of a coenzyme solution. On the other hand, 
it has t>een proposed to immobilize an enzyme and 
a coenzyme at the same time on an electrode, by 
applying a coating of a solution containing an en- 
zyme and a coenzyme on a carbon electrode, as 
described in the Japanese Patent Application Num- 
ber 6981/1981. 

Because a coenzyme solution is not stable 
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enough to permit long time stock and is very 
expensive, it is not advantageous to supply the 
coenzyme from the solution. Further, the flow injec- 
tion analysis method requires a large scale appara- 

5 tus and so is not convenient for a case where 
simple measurement is desired. For these reasons, 
it is desirable to use an electrode on which both of 
an enzyme and a coenzyme are immobilized. The 
known electrode, on which the enzyme and the 

10 coenzyme are simply coated as above mentioned, 
however, has defects of low sensitivity owing to the 
fact that the coenzyme cannot be immobilized in a 
sufficiently large amount, and insufficient durability 
for repeated use owing to the fact that the coen- 

15 zyme has strong tendency of dissipation into the 
solution because of its small size of molecule. 



SUMMARY OF THE INTENTION 

20 

An object of the present invention therefore is 
to solve the problems of the prior art as described 
above and to present an enzyme electrode contain- 
25 ing a coenzyme immobilized thereon in a stable 
manner and in a large amount together with an 
enzyme and having excellent measurement sen- 
sitivity. 

Thus the present invention provides an enzyme 
30 electrode comprising: 

(a) an electrode. 

(b) an inner membrane covering ±he electrode 
(a) and containing at least an enzyme and a 
coenzyme cooperative with the enzyme, which 

35 are immobilized in at least one layer, and 

(c) an outer membrane covering the Inner mem- 
brane (b) and consisting essentially of a material 
which is difficult for the coenzyme to diffuse 
therein; whereby the coenzyme in the inner 

40 membrane (b) is prevented from dissipation. 

As for the material of the outer membrane (c) 
of the enzyme electrode of the present invention, it 
is suitable to use a material having a smalt ratio of 
diffusion velocity of the coenzyme to diffusion ve- 

45 locity of the substrate specific to the enzyme and 
the coenzyme, for example, a bovine serum al- 
bumin (BSA) crossiinked with glutaraldehyde. 

According to the present invention as above, 
the inner membrane (b) is covered with an outer 

so membrane (c) in which the coenzyme is difficult to 
diffuse, and so it becomes possible to prevent the 
coenzyme in the inner membrane (b) from dissipa- 
tion into the solution and thereby to keep coen- 
zyme concentration In the inner membrane (b) at a 
high level. It becomes also possible thereby to 
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improve measurement sensitivity of the enzyme 
electrode to the substrate and to enhance durability 
for repeated use and also fastness of the enzyme 
electrode. 

It is possible to add a mediator of electron 5 
transfer, which catalyzes reaction between the 
coenzyme and the electrode, to the inner mem- 
brane (b) in order to increase velocity of the elec- 
tron transfer reaction bet/veen them and to avoid 
any decrease of the measurement sensitivity caus- to 
ed when the reaction velocity is small. 

It is also possible to separate the enzyme and 
the coenzyme in separate layers in the inner mem- 
brane (b), that is, in the form of an inner layer (b1) 
of an enzyne and an outer layer (b2) of a coen- 15 
zyme. By this, it becomes possible to immobilize 
the enzyme and the coenzyme in higher concentra- 
tions on the electrode and so to highly improve the 
measurement sensitivity to the substrate and the 
durability for repeated use of the enzyme elec- 20 
trode. In effect, this enables to generate the en- 
zyme reaction at a location closer to the electrode 
and so to catch a larger amount of the reduced 
coenzyme formed by the enzyme reaction by the 
electrode. The measurement sensitivity can thus 25 
be improved further on that score. 

The shape of the electrode (a) is not limited 
and may be in the form of for example a wire, a 
plate, etc. The inner membrane (b) and the outer 
membrane (c) may envelope the wire form elec- 30 
trode (a) in the form of concentric layers. It is also 
possible to form the electrode (a), the inner mem- 
brane (b) and the outer membrane (c) on a base 
plate (d) in this order, whereby the electrode (a) 
and the inner electrode (b) are enclosed by the 35 
outer membrane (c) and the base plate (d). 

The thickness of the outer membrane (c) in 
general should be selected from a range of 0.2 - 2 
um. in view of the various conditions of the en- 
zyme, coenzyme and the substrate as used, the 40 
material and the density of the outer membrane, 
etc. If the thickness were less than 0.2 um, it would 
be impossible to retain substances such as the 
coenzyme in the inner membrane (b). If the thick- 
ness were more than 2 um, the diffusion velocity of 45 
the substrate would be much lowered and so the 
time required to achieve the steady-state current 
response would be much prolonged. 

The thickness of the inner membrane (b) in 
general should be selected from a range of 1 - 25 50 
um. The thickness less than 1 um would result in 
much reduction of the amounts of the enzyme, the 
coenzyme, etc. retained by the inner membrane (b) 
and so cause insufficient current response. The 
thickness more than 25 um would also cause in- 55 
sufficient current response. 

When the inner membrane (b) is separated Into 
the inner enzyme layer (bl) and the outer coen- 
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zyme layer (b2). the thicknesses of these layers 
suitably are 0.5-15 um and 0.5-10 um, respec- 
tively. In general, it is preferable that the coenzyme 
layer (b2) is thinner than the enzyme layer {b1), 
since the coenzyme diffuses from the coenzyme 
layer {b2) into the enzyme layer (b1) wherein the 
reaction occurs. Further, In the measurement of 
substrate by an enzyme electrode, the substrate 
passes through the outer membrane (c) and the 
coenzyme layer (b2) and then reacts with the en- 
zyme and the coenzyme, and so too much thick- 
ness of the coenzyme layer (b2) would cause in- 
sufficient current response as in the case of the 
outer membrane (c). 

BRIEF DESCRIPTION OF THEE DRAWINGS 

Fig. 1(a). 1(b) and 1(c) respectively show cross 
sectional views of embodiments of the enzyme 
electrode of the present invention. 
Rg. 2 shows a schematic illustration of an ap- 
paratus for determining ethanol concentration of 
a sample solution by means of an enzyme elec- 
trode. 

Fig. 3 shows a graphic Illustration of current 
response to ethanol solution, determined by the 
electrode of Fig. 1(a) and an electrode of prior 
art by means of the apparatus of Rg. 2. 
Rg. 4 shows a graphic illustration of decrease of 
the current response to ethanol solution when 
the electrode of Fig. 1(a) and an electrode of 
prior art are subjected to repeated use for the 
determination of the response. 
Fig. 5 shows a graphic illustration of current 
response to ethanol solution, determined by the 
electrode of Rg. 1(b) in comparison with that 
determined by the electrode of Fig. 1(a). 
Rg. 6 shows a graphic illustration similar to Rg. 
5, but determined by the electrode of Fig. 1(c) 
in comparison with that detenmined by the elec- 
trode of Fig. 1 (a). 

Rg. 7 shows a graphic illustration similar to Fig. 
4, but when the electrodes of Rgs. 1 (a) and 1 (c) 
are used. 

DESCRIPTION OF THE PREFERRED EMBODI- 
MENTS 



The present invention will te explained below 
further in detail with respect to its some embodi- 
ments shown as working examples. 

Example 1 



5 



EP 0 415 124 A2 



6 



An enzyme electrode was prepared as an em- 
bodiment of the present invention by using alcohol 
dehydrogenase as an enzyme and NAD as a coen- 
zyme. As for. a base plate of the enzyme electrode, 
a sapphire plate was used and a gold electrode of 
3.52 mm^ area was formed thereon by evaporating 
in accordance with a known method described in 
Japanese Patent Application No. 282.721/1988. To 
15 % 8SA aqueous solution containing 2 U/ul 
alcohol dehydrogenase and 100 mM NAD, glutaral- 
dehyde was added in an amount to give 0.5 % 
concentration. This mixture was dropped on the 
electrode and spin-coated at 2,000 r.p.m. for 30 
sec. to obtain an inner membrane of about 20 um 
thickness after completing the crosslinking reaction 
at a room temperature. This spin-coating operation 
itself is known as d9scribe<i in a lift-off method for 
the preparation of enzyme membrane disclosed in 
Japanese Patent Application No. 209.165/1984. 
The obtained enzyme and coenzyme immobilized 
electrode was named as "Electrode- A". 

On the surface of the "Electrode- A", a coating 
by an outer membrane was provided. As for ma- 
terial of the outer membrane. poly- 
tetrafluoroethylene (PTFE). polyurethane. BSA 
crosslinked with glutaraldehyde were found usable. 
Particularly, the last mentioned BSA crosslinked 
with glutaraldehyde was excellent, since it was 
easy to prepare. It showed good adhesion to the 
electrode and it enabled to control transmission 
property by adjusting degree of the crosslinking. 
Hence, to 15 % BSA aqueous solution, glutaral- 
dehyde was added to give 5 % concentration. This 
mixture was dropped on the electrode and spin- 
coated at 2,000 r.p.m. for 30 sec. to obtain an outer 
membrane of about 1 um thickness. This electrode 
was named as "Electrode-B". As shown in Rg. 1- 
(a), this "Electrode-B" comprises a base plate 1, 
an electrode 2. an inner membrane 3 wherein the 
enzyme and the coenzyme are immobilized and an 
outer membrane 4 to prevent dissipation of the 
coenzyme. 

As to these ■'Electrode-A" and "Electrode-B". 
current response to ethanol solution was measured 
by means of an apparatus shown in Ftg, 2, wherein 
11 indicates an enzyme electrode. 12 indicates a 
counter electrode 13 indicates an Ag/AgCI refer- 
ence electrode, 14 indicates a buffer solution con- 
taining ethanol, 15 indicates a potentiostat and 16 
indicates a recorder. To the enzyme electrode 6, 
voltage of 0.75 V vs. Ag/AgCl reference electrode 
13. which is required to oxidize NADH produced by 
the enzyme reaction, was applied, and variation of 
the current obtained was recorded. 

The current responses to 500 mM ethanol solu- 
tion obtained by the "Electrode-A" and "Electrode- 
B" are shown in Rg. 3, from which it is understood 
that no sufficient current response could be ob- 



tained by the "Electrode-A" having no outer mem- 
brane owing to dissipation of th© coenzyme, where- 
as sufficient current response could be obtained by 
the "Electrode-B" having the outer membrane. 

s Rg. 4 shows results of repeated measurements 

of the above 500 mM ethanol solution, to test 
decrease of current response as repetition time 
increases. In this Rg. 4, the line shown by square 
marks indicates the case of the "Electrode-A" and 

70 the line shown by plus marks indicates the case of 
the "Electrode-B". It is understood that almost no 
current response could be obtained by the 
"Electrode-A" having no outer membrane in the 
second and later times of measurements and so 

T5 this "Electrode-A" could not be used for plural 
times of measurement, whereas the "Electrode-B" 
having the outer" membrane could be used for 
plural times of measurement. 

20 

Example 2 

The procedures similar to those of the above 
Example 1 were followed, but together with the 

25 alcohol dehydrogenase and NAD. also a mediator 
of electron transfer, which works as an agent me- 
diating electron transfer between NADH and the 
electrode, was immobilized. As for such mediator, 
it was found that potassium ferricyanide and Mel- 

30 dola's Blue were suitably usable. In this Example, 
the potassium ferricyanide was used. 

More particularly, to 15 % BSA aqueous solu- 
tion containing 2 U/ul alcohol dehydrogenase. 100 
mM NAD and 100 mM potassium ferricyanide, 

35 glutaraldehyde was added to give 0.5 % concentra- 
tion. This mixture was dropped on a flat gold plate 
electrode and spin-coated at 2.000 r.p.m. for 30 
sec. to obtain an inner membrane of about 20 m 
thickness. Then 15 % BSA aqueous solution con- 

40 taining 5% glutaraldehyde was dropped thereon 
and spin-coated at 2.000 r.p.m. for 5 sec. to form 
an outer membrane of about 1 (im thickness. This 
enzyme electrode having the mediator was named 
as "Electrode-C*. As shown in Rg. 1(b). this 

45 "Electrode-C" comprises a base plate 1, an elec- 
trode 2, an Inner membrane 5 wherein the enzyme, 
the coenzyme and the mediator are immobilized 
and an outer membrane 4 to prevent dissipation of 
the coenzyme. 

50 As to the "Electrode-C" and the "Electrode-B", 
current response to ethanol solution was measured 
by means of the apparatus shown in Rg. 2. The 
current responses to 500 mM ethanol solution ob- 
tained by these electrodes when voltage of 0.3 V 

55 vs. Ag/AgCi reference electrode was applied there- 
to are shown in Fig. 5, from which it is understood 
that the "Electrode-C" having the immobilized po- 
tassium ferricyanide as the mediator of electron 
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transfer between NADH and the electrode enables 
to obtain sufficient current response to ethanol so- 
lution even at a low , voltage level and hence to 
further improve the measurement sonsltivity. 



Example 3 

The procedures similar to those of the above 
Example 1 were followed, but the inner membrane 
was formed by two separate layers respectively of 
the enzyme and the coenzyme, formed on the 
electrode in this order. 

More particularly, to 15 % BSA aqueous solu- 
tion containing 2 U/ul alcohol dehydrogenase, 
glutaraldehyde was added to give 0.5 % concentra- 
tion. This mixture was dropped on the gold elec- 
trode formed as in the Example 1, spin-coated at 
2,000 r.p.m. for 30 sec. and crosslinked at room 
temperature for 2 hrs. to form an enzyme immo- 
bilized layer of about 12 urn thickness. 

Next, to 15 % BSA aqueous solution containing 
100 mM* NAD, glutaraldehyde was added to give 
0.5 % concentration. This mixture was dropped on 
the above enzyme immobilized layer, spin-coated 
at 2.000 r.p.m. for 30 sec. and crossiinked at room 
temperature for 2 hrs. to form a coenzyme immo- 
bilized layer of about 6 am thickness. 

Finally, an outer membrane was formed on the 
coenzyme immobilized layer as in the Example 1 
to form an enzyme electrode. This enzyme elec- 
trode having separate layers of enzyme and coen- 
zyme was named as "Electrode-D". As siiown in 
Bg. 1(c). this "Electrode-D" comprises a base 
plate 1. an electrode 2. an enzyme immobilized 
layer 6. a coenzyme immobilized layer 7 and an 
outer membrane 4 to prevent dissipation of the 
coenzyme. 

Fig. 6 shows cunrent responses to 500 mM 
ethanol solution obtained by the "Electrode-D" and 
the "Eiectrode-B" in the measurement as in the 
Example 1. It is understood from this Fig. 6 that the 
"Electrode-D" having enzyme and coenzyme im- 
mobilized in separate layers gives much larger 
current response than the "Electrode-B" having 
enzyme and coenzyme in the same layer and thus 
has much improved measurement sensitivity. 

f^g. 7 shows results of repeated measurements 
of the above 500 mM ethanol solution to test de- 
crease of current response as repetition time in- 
creases. In this Fig. 7, the line shown by square 
marks indicates the case of the "Electrode-D" and 
the line shown by plus marks Indicates the case of 
the "Electrode-B**. It is understood from this Fig. 7 
that the "Electrode-D" has much improved durabil- 
ity for repeated use of more than 10 times, since 
both of enzyme and coenzyme are immobilized in 
larger amounts and in more active state when 



compared with the '•Electrode-B". 

As explained in detail as above, the present 
invention has enabled to improve the measurement 
sensitivity and the durability for repeated use of an 

5 enzyme electrode by providing an outer membrane 
preventing the coenzyme from dissipation into the 
sample solution. This outer membrane can be used 
to immobilize a mediator of electron transfer to- 
gether with the coenzyme in the inner membrane 

w or to immobilize the enzyme and the coenzyme in 
separate layers in the inner membrane, to further 
improve the measurement sensitivity and the dura- 
bility for repeated use. 

15 

Claims 

1. An enzyme electrode comprising: 
(a) an electrode, 

20 (b) an inner membrane covering the electrode 
(a) and containing at least an enzyme and a 
coenzyme cooperative with the enzyme, which 
are immobilized in at least one layer, and 
(c) an outer membrane covering the inner mem- 

25 brane (b) and consisting essentially of. a material 
which is difficult for the coenzyme to diffuse 
therein: whereby the coenzyme in the inner 
membrane (b) is prevented from dissipation. 

2. The enzyme electrode according to claim 1, 
30 wherein the inner membrane (b) contains the en- 
zyme, the coenzyme and also a mediator of elec- 
tron transfer, which are immobilized in one layer. 

3. The enzyme electrode according to claim 1. 
wherein the inner membrane (b) contains the en- 

35 zyme and the coenzyme which are immobilized in 
separate two layers consisting of an inner layer for 
the enzyme and an outer layer for the coenzyme, 
respectively. 

4. The enzyme electrode according to any one of 
40 the claims 1-3, wherein the outer membrane con- 
sists essentially of bovine serum albumin (BSA) 
crosslinked with glutaraldehyde, poly- 
tetrafluoroethylene (PTFE) or polyurethane. 

5. The enzyme electrode according to claim 2, 
45 wherein the mediator of electron transfer is potas- 
sium ferricyanide or Meldola's Blue. 

6. The enzyme electrode according to any one of 
the claims 1-5, wherein the enzyme is alcohol 
dehydrogenase or lactate dehydrogenase and the 

50 coenzyme is nicotinamide adenine dinucleotide 
(NAD). 

7. The enzyme electrode according to claim i, 
wherein the electrode (a), the inner membrane (b) 
and the outer membrane (c) are formed on a base 

55 plate (d) in this order; whereby the electrode (a) 
and the Inner membrane (b) are enclosed by the 
outer membrane (c) and the base plate (d). 

8. The enzyme electrode according to claim 1, 
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wherein the outer membrane is of the thickness in 
the range of 0.2 - 2 

9. The enzyme electrode according to clainn 1, 
wherein the inner membrane Is of the thickness in 

the range of 1 - 25 um. s 

10. The enzyme electrode according to claim 3. 
wherein the inner enzyme layer is of the thickness 
in the range of 0.5 -1 5 um and the outer coenzyme 
layer is of the thickness in the range of 0.5-10 

um. iQ 
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FIG. 2 
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FIG. 4 
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FIG. 6 
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